Conventional modeling of condensers typically assumes three zones
INTRODUCTION
Balekjian and Katz [1] experimentally investigated condensation from superheated vapors of R114 and steam on an outer surface of a horizontal tube. Their experimental HTC suggested that the lowering cooling surface temperature, below saturation point, generates condensate from superheated vapor. Altman et al. [2] provided six points of experimentally determined HTC, which are averaged from superheated inlet to saturated outlet in a test section of 1.22 m length 8.71 mm ID. With those six data having various superheat degree at test section inlet, approximately 30 to 70 % decrease in HTC from a correlation valid for two-phase zone condensation was confirmed.
Bell [3] accepted that the criterion of condensation occurrence in de-superheating zone is the tube wall temperature below saturation point, and then cautioned that the simple use of LMTD (logarithmic mean temperature difference) method to calculate the overall coefficient of condensers could be invalid. Miropolskiy et al. [4] provided experimental data for the quasi-local HTC of superheated steam vapor flowing downward in a cooled vertical smooth tube. The results experimentally presented the criterion of condensation occurrence is when the tube wall temperature is below saturation point. Further, their data showed the behavior of superheat zone condensation for various reduced pressure up to 0.82. Fujii et al. [5] experimentally investigated condensation of R11 and R113 flow in horizontal smooth tubes. From the temperature distribution in the radial direction of the horizontal middle plane of the tube, they proved coexistence of superheated vapor and subcooled liquid in condensation flow. They varied the vapor mass quality, which indicates actual vapor and liquid mass flow rate in non-equilibrium state, to analyze the mass transport process. Lee et al. [6] experimentally investigated condensation in superheated R22 vapor and proposed a physical model accounting the sensible heat on the condensation heat transfer. Their model defines HTC bulk temperature as the reference temperature. In response, Webb [7] reported that sensible heat is negligible and simplified model defines HTC with saturation temperature gives same results to Lee's model [6] .
Various new types of systems and applications drive operating conditions closer to the critical point making heat rejected in superheat zone greater than in two-phase zone. Conditions just below the critical point are thus increasingly common. For instance, the most operating hours CO2 commercial refrigeration systems accumulate from autumn to spring in subcritical conditions. That is common even in night time of summer seasons in northern climate regions. R410A water heaters or clothes dryers are becoming popular and along with few other applications operate just below the critical point. To increase efficient operation, it is crucial to improve understanding heat transfer in condenser. Heat rejection in the condenser is typically simplistically divided in three zones: de-superheating, two-phase condensation, and single-phase subcooling. De-superheating is assumed to be heat transfer from superheated vapor in mostly turbulent single-phase conditions, where heat transfer is significantly lower than when condensation starts. The conservative estimation that ignores condensation in superheated region is not significant when heat transferred is small, as in most of the situations. However, in the conditions of interest to this paper, just below critical point as described above the size of the heat exchanger could be significantly affected by this simplification because heat rejected in de-superheating can be several times greater than in two phase condensation. That is the practical significance of this work. The authors [8] presented experimental results for only CO2 heat rejection (cooling/condensation) flow in 6.1 mm ID smooth tube at the pressure from 5.0 to 7.5MPa. The experimental results identified the condensation in superheated vapor. In order to strengthen experimental verification, one additional refrigerant R410A was explored. It was chosen because of its importance in applications and the effect of the refrigerant properties on condensation heat transfer. Figure 1 illustrates the heat flow and the temperature profile in condensing superheat zone, where bulk mean refrigerant temperature is above saturation point. According to Soliman's flow regime [9] , condensation begins as mist flow and then changes into annular flow. According to Altman et al. [2] , thin ridges or droplets flow on the interior tube surface. Figure 1 explains the heat exchange with annular flow model for simplification.
CONDENSING SUPERHEAT ZONE
From continuity, the total mass flow rate total m of vapor and liquid refrigerant is,
The amount of condensate generated through a segment
The average enthalpies in superheated vapor and subcooled liquid are represented with heat capacities CpV CpL, and degree of superheat and subcool TSH TSC.
Total inlet heat at the entrance of a segment is,
Similarly, the total outlet heat at the exit of a segment is,
The subtraction from Eq. (5) to Eq. (4) gives the total heat exchange through a segment.
In the right of Eq. (6), the first, second, and third terms shows heat transfer rate caused by desuperheating of vapor flow, latent heat rejection to generate condensate, and subcooling of 6 condensate.
The driving temperature difference for the heat flux caused by de-superheating qSH is probably the difference from bulk temperature to saturation temperature on the liquid film surface (Trb -Tsat). 
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EXPERIMENTAL SETUP AND METHOD Figure 2 shows the schematic diagram of experimental apparatus. The refrigerant loop mainly consists of a variable speed gear pump, a coriolis-type mass flow meter, an electric pre-heater, a mixer, a pre-cooler, a test section, two after-coolers, and receiver tank. In a mixer placed at entrance of the pre-heater, pressure and bulk-mean temperature of superheated vapor are measured.
System pressure is adjusted roughly by refrigerant charge amount and precisely by inlet temperature and flow rate of cooling water flow through the after-coolers. 
Test Section and Test Tube
where gain,PC Q and gain,TS Q are preliminarily measured heat leak from ambient air through the insulators. The bulk mean temperature at the test section Trb is obtained from bulk enthalpy and pressure with the equilibrium state function of RefpropVer.8.0 [10] .
The average heat flux of the test section on the interior tube wall qwi is,
where cond Q is the conduction heat from outside the cooling brass jacket estimated numerically for each condition. Procedure of numerical analysis and typical results on cond Q are specified in
Reference [8] . The definition of average heat transfer coefficient  is,
where Twi is the average temperature of the 12 points in the tube wall. The reference refrigerant temperature is defined as an arithmetic mean of inlet and outlet bulk temperatures Trb,i Trb,o, which are found from each pressure PTSi and PTSo and enthalpies hb,i and hb,o. With this method, driving temperature difference T in superheat zone is defined as "bulk-to-wall temperature difference"
(Trb -Twi). Then this continuously changes into "saturation-to-wall temperature difference" (TsatTwi) at the thermodynamic vapor quality 1.0 for two-phase zone. As shown in Figure 4 (b), this study specifically categorizes the heat rejection process as superheat, two-phase, and subcool zone where the bulk-mean refrigerant temperature is superheated, saturated, and subcooled, respectively. The dashed lines in Figure 4 are selected correlations of Gnielinski [13] with Petukov's correction factor [14] for superheat zone, Cavallini et al. [15] for two-phase zone, and Gnielinski [13] with Sieder-Tate's correction factor [16] for subcool zone.
RESULTS AND DISCUSSION

Identification of Condensation from Superheated Vapor
As shown in Figure 4 (a), experimental HTC starts gradually increasing from Gnielinski's correlation when the average temperature of tube wall Twi reaches saturation point. This start point strongly supports the identification of condensation in presence superheated vapor. Thus, the superheat zone could be subdivided into single-phase superheat zone (I) and condensing superheat zone (II) by condensation occurrence.
Modification of the Saturated Condensation Correlation near Critical Point
Figure 5 (a) shows the change of experimental and predicted HTC of CO2 condensation across the critical point 7.4 MPa, and 344 kJ kg -1 . Figure 5 (b) is HTC of R410A across the critical point 4.9 MPa, and 368 kJ kg -1 . As shown with dashed line and symbols, predicted HTC by Cavallini's correlation [15] shows excellent agreement with the experimental data. Nevertheless, it deviates from the experimental data at high reduced pressure P/Pcrit from 0.82 to 1.0. This is anticipated 11 because the range of reduced pressure was not included in original correlation. To correct Cavalini's correlation at these high reduced pressures, following methodology is discussed. Fujii et al. [17] [18] theoretically verified extension of Nesselt's film-wise condensation theory [19] up to reduced pressure 0.995 by using liquid properties evaluated at the film temperature but not saturation temperature. Figure 6 shows the calculation results of CO2 specific heat from the tube wall to liquid surface at the 6, 7 and 7.36 MPa, and temperature difference 5 K. For the calculation, it is assumed that the temperature distribution in the liquid film is linear and the liquid surface is saturation condition.
Near the critical pressure at 7.36 MPa, specific heat drastically increases towards the liquid surface.
Similarly, thermal conductivity and Prandtl number increase while viscosity and density decrease. 
where, subscript "_f" indicates the value evaluated at the film temperature which is the modified value from the original correlation. As shown with solid line in Figures 5 (a) and (b), this modified correlation satisfactorily agrees with experimental HTC at reduced pressures up to 0.975 for CO2 and R410A both.
Proposal of a Prediction Method for Condensing SH Zone
From Eq. (10), HTC in condensing superheat zone is expressed as,
Here, TP is calculated by modified Cavallini's correlation Eq. (15) . However, the assumption of same flow regime as vapor quality 1.0 is required for solving the equation. As a computational procedure, Martinelli parameter tt, dimensionless gas velocity JG and JG T , and fully-stratified HTC strat, were calculated same as when vapor quality at 0.995. In the correct way, the correlation should be newly developed with actual vapor mass quality accounting non-equilibrium condition.
However, this concept requires multiple iterations and might not be worth for the calculation for only superheat zone. In order to avoid further computational load and iteration errors, this paper recommends above supplement method with existing correlations. Next, SH is calculated by the correlation Gnielinski [13] with Petukov's correction factor Fa [14] assuming the effect of entrainment or complex interface between vapor and liquid is negligible. 1.82 log 1.64
where fb is Filonenko's friction factor [20] . 
Calculation Procedure from Superheat Zone to Subcool Zone
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Comparison between Calculation and Experimental Results
Predicted temperatures and HTC by the above method are shown with solid lines in Figure 4 .
As the comparison, above calculation results satisfactorily agree with experimental results of R410A and CO2 both despite of the audacious simplifications on SH and TP in the zone, where condensation occurs in superheated vapor. The remarkable improvement is the tube wall temperature of the condensing superheat zone. The existing prediction, which does not account condensation, gives over 10 K lower tube wall temperature near vapor quality 1.0 and it is not negligible deviation for circuit design of condensers. Compared with this, the newly proposed method predicts the temperature with accuracy within 2 K approximately. Figure 8 compares the experimental HTC of various heat fluxes to the correlations Eqs. (15) to (19) and shows the effect of heat flux on the start point of condensation. Since tube wall temperature tends to be lower at higher heat flux, the temperature reaches saturation point earlier and condensation starts earlier with increasing heat flux. This tendency is predicted by the proposed correlations and the curve of calculation results overlaps experimental data point satisfactorily in the zone of condensing superheat. (15) to (19) .
Comparison of HTC between CO2 and R410A at the Same Reduced Pressure
In single-phase superheat zone, HTC of CO2 is barely higher than R410A at the same reduced pressure. In two-phase zone, HTC of CO2 exceeds R410A. HTC almost always has maximum at the border between two-phase and superheat zone (xb = 1).The maximum HTC of CO2 is roughly 120 to 170 % of R410A at the reduced pressure from 0.68 to 0.95. As Nusselt's film wise condensation theory describes, latent heat hLV is one of important factor on condensation HTC.
Larger latent heat means that released heat from a mass of vapor is larger at the moment of phase change and increases condensation HTC. As noted in the graphs, the latent heat of CO2 is roughly 140% of R410A and this increases HTC in two-phase zone. Although experimental HTC and calculated HTC satisfactorily agree in general, experimental HTC of R410A slightly deviates when approaching critical point and is approximately 25% below from correlation at reduced pressure 0.95. MPa, the enthalpy change in condensing superheat zone is approximately 14%. At 4.6 MPa, the enthalpy change is approximately 21%. Likewise, the enthalpy change ratio of condensing superheat zone to the entire heat rejection becomes larger and important for condenser design.
Summary of Experimental Results and
Similarity between Supercritical and Subcritical Heat Rejection Process
Figure 10 (a) includes some HTC data of CO2 at 7.5 MPa, just above the critical pressure. In the graph of CO2 at 7.5 MPa, solid lines show correlations by Gnielinski [13] , Petrov and Popov [21] . Gnielinski correlation, which is valid at subcritical pressure, shows higher HTC than experimental data especially around the pseudo-critical point 350 kJ kg -1 . This is due to the drastic property change in radial direction. The other correlation by Petrov and Popov [21] takes account into consideration the strong radial property change. Hence the maximum HTC of Petrov and
Popov's correlations are much closer to the experimental HTC.
There are liquid and gas (not to be called vapor) even above the critical pressure. According to literatures of molecular dynamics, the pseudo-critical point shows the border of both and liquid and gas coexist as fluctuating spatially and temporally. Near the critical point, the gas still needs to release much energy when it changes into liquid as if vapor releases latent heat. Thus, a similar phenomenon to superheat zone condensation occurs in the supercritical heat rejection process when the pseudo-critical temperature is sandwiched between the bulk and wall temperatures. Therefore, it is not surprising that experimental HTC shows much more moderate peak than Gnielinski correlation.
Furthermore, the supercritical HTC has the maximum point above the pseudo-critical temperature (enthalpy) for the similar reason of superheat zone condensation. The tube wall reaches a pseudo-critical point ahead of core flow in the center of tube. Goldman [22] , Tanaka et al. [23] , and Yamagata et al. [24] have confirmed same peak shift and that the maximum HTC appears just above the pseudo-critical temperature under cooling conditions and just below it under heating conditions.
CONCLUSIONS
Experimental results for heat rejection from CO2 and R410A near the critical points have been provided. The predicting correlation has developed for condensing superheat zone. The results have been compared to existing correlations and newly developed correlation. The main findings are following:
-Heat rejection process is categorized as superheat, two-phase, and subcool zone by bulk mean temperature. Further, the superheat zone can be subdivided into single-phase superheat zone and condensing superheat zone based on condensation occurrence.
-Condensation starts in presence of superheated vapor when tube wall temperature reaches saturation temperature. This is demonstrated by experimental HTC, which gradually starts increasing from Gnielinski correlation [13] exactly at that point tube wall reaches saturation temperature.
-At the same reduced pressure 0.81, HTC of CO2 is significantly higher than R410A in twophase zone. The main reason appears to be the larger latent heat of CO2 than R410A.
-Modified Cavallini's correlation [15] , which evaluates liquid properties at the film temperature, well predicts HTC at reduced pressure up to 0.975.
-Newly developed correlation, which complements between Gnielinski's and Cavallini's correlation, has been proposed for condensing superheat zone. This correlation satisfactorily agrees with the experimental results in the range of this experiment.
-Above the critical pressure, the maximum value of experimental HTC is much lower than
Gnielinski's correlation due to strong property change in radius direction. The value is closer to Petrov and Popov correlation [21] accounting for the radial property changes.
-Above the critical pressure, experimental HTC shows maximum value above the pseudocritical temperature, because, tube wall reaches a pseudo-critical point ahead of core flow similar to condensing superheat zone. (17) and (19) Fa correction factor for radial property change in Eqs. (17) and (18) g gravitational acceleration, m s 
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